Abstract. To examine whether oxygen (O2) and nitric oxide (NO) are temporally associated with the acute changes in luteal function during luteolysis, we determined the real-time changes in the circulating concentrations of progesterone (P4) and nitrite/nitrate (the stable metabolites of NO) and the partial pressure of oxygen (pO2) during prostaglandin F2α (PGF2α)-induced luteolysis in cattle. Catheters for frequent blood sample collection were inserted into the ovarian vein (OV), jugular vein (JV) and aorta abdominalis (AA) in 12 cows on Day 9 of the oestrous cycle (oestrus=Day 0). On Day 10, the cows were randomly divided into two groups and treated with a luteolytic dose of a PGF2α analogue or saline solution (control). Blood samples were collected at -2, -1, 0, 0.25, 0.5, 0.75, 1 and 2 h and then at 2-h intervals until 12 h after treatment (0 h). Injection of a PGF2α induced a significant decrease in the concentrations of P4 in OV plasma within 2 h. The decrease in P4 concentrations was preceded by an increase in the NO concentrations in the blood collected from OV, JV and AA. Basal pO2 was significantly higher in OV blood than in JV blood (P<0.05). PGF2α injection increased pO2 in OV blood between 0.5 and 2 h. These results demonstrate that PGF2α induced an acute increase in pO2 and NO in the ovarian circulation and suggest that O2 and NO are involved in the early events of CL regression, including inhibition of P4 secretion and output, in cattle. Key words: Cattle, Luteolysis, Nitric oxide, Oxygen, Prostaglandin F2α (J. Reprod. Dev. 55: [149][150][151][152][153][154][155] 2009) n the cow, luteolysis is initiated by uterine prostaglandin (PG) F2α released in the late luteal stage [1] . It can also be induced by injection of exogenous PGF2α given at the mid-luteal stage [2] . Luteolysis consists of a phase of rapid decrease in progesterone (P4) production by the corpus luteum (CL), followed by a phase of structural regression [1] . Studies involving placement of transducers on the ovarian artery and entrapment of radioactive microspheres have shown that blood flow to the CL drastically decreases at the end of the luteal phase in association with luteolysis [3] [4] [5] . Because luteal blood flow and circulating progesterone (P4) concentrations decrease in parallel during both spontaneous and PGF2α-induced luteolysis [2-5], a rapid decrease in luteal blood flow has been proposed as one of the main luteolytic actions of PGF2α [6] . However, recent colour Doppler studies in cattle indicate that luteal blood flow transiently increases in parallel with or prior to a decrease in plasma P4 during PGF2α-induced luteolysis [7, 8] . The physiological relevance of this phenomenon remains unclear.
(J. Reprod. Dev. 55: [149] [150] [151] [152] [153] [154] [155] 2009) n the cow, luteolysis is initiated by uterine prostaglandin (PG) F2α released in the late luteal stage [1] . It can also be induced by injection of exogenous PGF2α given at the mid-luteal stage [2] . Luteolysis consists of a phase of rapid decrease in progesterone (P4) production by the corpus luteum (CL), followed by a phase of structural regression [1] . Studies involving placement of transducers on the ovarian artery and entrapment of radioactive microspheres have shown that blood flow to the CL drastically decreases at the end of the luteal phase in association with luteolysis [3] [4] [5] . Because luteal blood flow and circulating progesterone (P4) concentrations decrease in parallel during both spontaneous and PGF2α-induced luteolysis [2] [3] [4] [5] , a rapid decrease in luteal blood flow has been proposed as one of the main luteolytic actions of PGF2α [6] . However, recent colour Doppler studies in cattle indicate that luteal blood flow transiently increases in parallel with or prior to a decrease in plasma P4 during PGF2α-induced luteolysis [7, 8] . The physiological relevance of this phenomenon remains unclear.
Ovarian function, including the capacity of the CL to produce P4, is highly dependent on oxygen tension, which is controlled by blood flow and cellular metabolism [4] . Arterio-venous difference techniques have been used in cattle to examine ovarian metabolism and O2 uptake [9] . Recently, we demonstrated the importance of oxygen concentration in controlling P4 synthesis [10] and cell viability [11] in bovine luteal cells. A microenvironment with a low oxygen tension may be inadequate to sustain an aerobic metabolism, whereas an environment too high in oxygen could be harmful because reactive oxygen species (ROS) may increase. Although reduction of CL blood flow and hypoxia contribute to the late events of luteolysis [2, 3, 11, 12] , little is known about the physiological relevance and cause of the transient increase in luteal blood flow during the initial steps of luteolysis.
PGF2α locally interacts with ROS during functional and structural luteolysis [13] [14] [15] . Furthermore, ROS, including nitric oxide (NO) and O2, are locally involved in regulating luteolysis in cattle [15] [16] [17] . NO is a potent vasodilator that increases ovarian blood flow [18, 20] . In vitro experiments indicate that NO donor and hypoxia can inhibit P4 secretion and induce apoptosis in luteal cells [10, 11, [20] [21] [22] , whereas inhibition of NO synthesis stimulates P4 secretion, prolongs the lifespan of the CL and counteracts prostaglandin F2α-induced luteolysis in vivo [23, 24] . Based on these findings, we hypothesized that NO and O2 are involved in the acute changes in luteal blood flow and the decrease in circulating P4 during the initial steps of functional luteolysis in cattle.
In the present study, to examine whether O2 and NO are tempo-rally associated with the acute changes in luteal function during luteolysis, we determined the real-time changes in the circulating concentrations of P4 and nitrite/nitrate (the stable metabolites of NO) and the partial pressure of oxygen (pO2) during PGF2α-induced luteolysis in cattle. 
Materials and Methods

All
Animals and surgical procedures
Healthy, normally cycling Polish Holstein Black and White cows were used for the present studies. The animals were culled by their owners (Spolka Rolna "Wroblik", Lidzbark Warminski, and Gospodarstwo Rolne "Farmer", Zalesie, Szczytno, Poland) from dairy cows herds because of low milk production. Oestrus was synchronised in the cows using implants of a P4 analogue (Crestar: Intervet, International B.V. Boxmeer, Holland) with additional injection of an analogue of PGF2α (Dinoprost, Dinolytic; Pharmacia & Upjohn, Belgium), as recommended by the manufacturer for oestrus synchronisation of multiparous cows and described previously [25, 26] . Oestrus was determined by observing external signs (i.e., vaginal mucus, standing behavior). Before surgery, the ovaries were examined daily by ultrasonography to determine the day and side of ovulation and CL development. The presence of a preovulatory follicle, ovulation and normal CL development were confirmed by a veterinarian using a sectorial rectal probe connected to an ultrasound (Draminski Animal Profi Scanner, Draminski Electronics in Agriculture, Olsztyn, Poland). Onset of oestrus was taken as Day 0 of the oestrous cycle.
The animals were premedicated with i.m. xylazine at a dose of 25-30 mg per animal (Sedazin; Biowet, Pulawy, Poland). Local anaesthesia was induced by s.c. and i.m. injections of 2% procaine hydrochloride (Polocainum Hydrochloricum; Biowet, Drwalew, Poland) in the paralumbar fossa of the side of the CL. On Day 9, catheters for frequent blood sample collection (Medicut Catheter Kit; Argyle, Japan Sherwood, Tokyo, Japan) were inserted into the ovarian vein (OV), jugular vein (JV), and aorta abdominalis (AA) in 12 cows. A lateral laparotomy was performed for cannulation of the ovarian vein. At surgery, an 18-gauge catheter was inserted into the ovarian vein ipsilateral to the functional CL and fixed to the surrounding connective tissue [27, 28] . A catheter was also inserted into the posterior aorta abdominalis through the coccygeal artery and into the jugular vein as previously described [25] . After surgery, the cows were moved to a barn, where they were fed daily with grass hay and were given free access to water. On Day 10, the cows were randomly divided into two groups (n=6 cows/group). The animals in the first group received an intramuscular injection of a luteolytic dose of 500 μg of cloprostenol (estrumate; Mallinckrodt Burgwedel, Germany), a PGF2α analogue, whereas the second group received an intramuscular injection of 5 ml of normal saline solution. Blood samples were simultaneously collected from the AA, JV and OV at -2, -1, 0, 0.25, 0.5, 0.75, 1 and 2 h and then at 2-h intervals until 12 h after injection. The time of PGF2α or saline injection on Day 10 of the cycle was defined as 0 h. For P4 and NO measurement, blood samples were collected into sterile 10-ml tubes containing 200 μl of a stabiliser solution (0.3 M EDTA, 1% acid acetyl salicylic, pH 7.4). All tubes were immediately chilled in ice water for 10 min, centrifuged at 2,000 × g for 10 min at 4 C, and the obtained plasma was stored at -30 C until further analysis. For gasometric determination, blood samples were collected from the catheters with a 1-ml heparinized plastic syringe (allowed to flow freely into the syringe for 20 sec). To maintain anaerobic conditions, once the syringe was filled with blood, the syringe was closed with plastic caps. Gas determinations were made within 5 min after blood collection. Partial pressure of oxygen (pO2) and partial pressure of carbon dioxide (pCO2) were determined in blood samples collected from JV, AA and OV, respectively. Both pO2 and pCO2 were determined according to the manufacturer's directions using a Rapid Point 405 Series Rapidlyte CE analyzer (Bayer Vital Geschaftsberich, Diagnostic Siemen Strasse, D-35463, Fernwald, Germany). Because body temperature affects pO2 and pCO2 dissociation and partial pressure, body temperature was measured just before each blood sample collection to normalize the pO2 and pCO2 data.
Progesterone determinations
The progesterone concentrations in the plasma samples were assayed using a direct enzyme immunoassay (EIA) as described previously [29] . The P4 standard curve ranged from 0.05 to 25 ng/ ml, and the effective dose for 50% inhibition (ID50) of the assay was 2.65 ng/ml. The average intra-and interassay coefficients of variation were 4.7 and 6.5%, respectively.
Nitrate/nitrite determinations in plasma
The plasma nitrite/nitrate concentration was measured colorimetrically using the Griess reaction as described by Green et al. [30] and validated in our laboratory for bovine plasma [24] . The assay sensitivity was 0.065 μg/ml, and the standard curve range was 0.05 μg/ml to 6.9 μg/ml. The average intra-and interassay coefficients of variation were 7.6 and 14.9%, respectively.
Statistical analyses
The plasma P4 and nitrate/nitrite concentrations and blood pO2 were analysed using a repeated measures design approach in which treatments and the time of sample collection were fixed effects and all interactions were included [25] . All analyses were performed using repeated measures ANOVA tests followed by the Bonferroni multiple comparison test (GraphPad Prism ver. 4.00; Graph Pad Software, San Diego, CA, USA). P<0.05 was considered significant. The amounts of released P4, nitrite or nitrate and pO2 were expressed as areas under the curve (relative units; see Tables 2 and  3 ) and were analysed using one-way analysis of variance followed by the Bonferroni multiple comparison test (ANOVA; GraphPad Prism).
Results
Two cows from the control group were removed because of a sampling problem. The basal concentrations of P4, nitrite/nitrate, pO2 and pCO2 in the ovarian and peripheral blood of the cows on Day 10 of the oestrous cycle are shown in Table 1 . The basal concentration of P4 in OV plasma was more than 100-fold higher than that in the peripheral circulation (blood plasma collected from the JV and AA). There was no significant difference in the absolute concentrations of nitrite/nitrate between the ovarian and peripheral circulation. The pO2 of the arterial blood collected from the AA was higher than those of the venous blood collected from the OV (P<0.05) and JV (P<0.001). Interestingly, the pO2 of OV blood was higher (P<0.05) than that of JV blood. The pCO2 of the JV blood was higher than those of the AA and OV blood. There was a higher pCO2 in OV blood than in AA blood, but there was no significant difference in pCO2 between OV and AA blood.
Effects of PGF2α on the plasma concentrations of progesterone and nitrite/nitrate, the stable metabolite of NO
Injection of a luteolytic dose of PGF2α induced a significant (P<0.05) decrease in the plasma concentration of P4 in OV plasma at 2 h, whereas significant decreases in JV and AA plasma were detected at 4 h after PGF2α injection, indicating functional luteolysis (Fig. 1) . The injection also induced an acute and transitory increase (P<0.05) in the concentrations of NO metabolites in ovarian (OV) and peripheral (JV, AA) blood plasma (Fig. 2, Table 2 ).
Effects of PGF2α on the partial pressure of oxygen (pO2) and carbon dioxide (pCO2) in the ovarian and peripheral circulation
Injection of a PGF2α analogue induced a significant (P<0.05) and transient increase of pO2 in OV blood between 0.5 and 2 h. However, this transient increase in pO2 was not detected in the peripheral blood collected from the JV or AA (Fig. 3) . PGF2α treatment induced a significant increase in the pO2 of the ovarian venous blood as indicated by an increase in the area under the curve (Table 3) , but did not affect the pCO2 of blood collected from the JV, OV or AA (data not shown).
The decrease in the P4 concentrations (P<0.05; Fig. 1 ) was preceded by increased concentrations of NO metabolites in the blood collected from the OV, JV, and AA (P<0.05; Fig. 2 ) and by an increase in the pO2 of the ovarian venous blood (P<0.05; Fig. 3 ).
Discussion
The results of the present study clearly demonstrate that injection of a luteolytic dose of a PGF2α analogue during the mid-luteal phase acutely increases the levels of oxygen (pO2) and NO metabolites in the ovarian venous blood of cattle. It has been shown previously that an intramuscular injection of PGF2α into cows at the mid-luteal stage induces a transient (30 min to 2 h) increase in luteal blood flow [7] . The increased blood flow returns to the basal levels at 4 h post-injection and is drastically decreased at 8 h. In the present study, the increases detected in the values of NO and pO2 in the ovarian venous blood were temporally associated with increase in the luteal blood flow observed after injection of a luteolytic dose of a PGF2α analogue [7, 8] . The finding of a decrease in the circulating concentration of P4 was preceded by a transient increase in NO and pO2 in the ovarian circulation and suggest that O2 and NO play important roles in initiating the luteolytic process in cattle.
In the present study, the basal pO2 was significantly higher in ovarian venous blood than in jugular venous blood, and the difference between the pO2 in the arterial blood and that in the ovarian venous blood was less than that between the arterial blood and jugular venous blood. Interestingly, administration of PGF2α induced a transient increase of pO2 in the ovarian venous blood between 30 min and 2 h post-treatment, whereas no temporal changes in pO2 were detected in the peripheral venous blood or arterial blood. The acute increase in pO2 after PGF2α treatment detected in ovarian venous blood was temporally associated with an increase in the circulating concentrations of NO metabolites, including in the ovarian venous blood. This transitory increase in pO2 and NO in the ovarian circulation temporally coincides with an increase in the intraluteal blood flow observed in a previous study [7] . Recently, a similar increase in luteal blood flow was confirmed in heifers in which PGF2α was administrated in a single intramuscular injection or as an intrauterine infusion [8] , and this supports the idea that an acute increase in blood flow is induced by PGF2α. Since PGF2α acutely (within 1 h) stimulates the expression of the endothelial type nitric oxide synthase (eNOS) in the mature CL [31] , the acute increase in luteal blood flow during luteolysis may be mediated by a local action of NO on the vessels of the CL. However, it is important to note that a subluteolytic dose of PGF2α also induced an increase in the luteal blood flow of heifers without a decrease in P4 concentration. Thus, it seems that a simple, transitory increase in The baseline was defined on the basis of data from the first 2 h of the experiment (average ± SEM, n=10). a-c Different superscripts within a row indicate significant differences (P<0.05).
blood flow is not enough to induce CL regression in cattle.
Reactive oxygen species are involved in various physiological events in the ovary, and oxidative stress is known to inhibit ovarian steroidogenesis [14] [15] [16] . Increased levels of O2 may induce superoxide generation and expose the luteal cells to excessive oxidative stress. The lack of an increase in pO2 in the systemic circulation suggests a local role of ROS in the acute vascular, hormonal and metabolic changes that occur within the CL as a result of PGF2α treatment. On the other hand, our recent in vitro studies revealed that a low-oxygen condition is essential for progression of the luteolytic cascade in cattle [10, 11] , and a low oxygen condition may be facilitated by a low blood supply. Moreover, it has recently been shown that increases in CL blood flow during spontaneous luteolysis are temporally associated with individual PGF2α pulses, including a decrease in the flow after the PGF2α peak [8] . The results of the present and previous studies suggest that luteal cells are exposed to high O2 tension in the initial steps of luteolysis, for the first 2 h, and that a hypoxic condition occurs in later stages of luteolysis as a result of a significant decrease in luteal blood flow occurring more than 8 h post-PGF2α injection in cattle.
Nitric oxide plays an important role in modulating local blood supply to organs and tissues through controlling vascular tonus [32] . Moreover, in vivo L-NAME (an inhibitor of NO synthase) stimulates P4 secretion in the late luteal phase, inhibits spontaneous and PGF2α-induced luteolysis and leads to prolongation of the oestrous cycle [23, 24] . Furthermore, NO donors inhibit P4 secretion [20] [21] [22] and induce apoptosis in bovine luteal cells by increasing mRNA expression of proteins involved in apoptosis (bax, capsase-3) and DNA fragmentation [22] . The extrinsic apoptotic pathway (IFNγ) is significantly upregulated between 0.5 and 2 h after PGF2α injection, whereas the intrinsic pathway (caspase 3, 6, 7) is upregulated between 24 and 48 h after PGF2α [33] . It has been also documented that NO donors strongly stimulate PGF2α and PGE2 production in luteal cells, while NO synthase inhibitors have the opposite actions [34] . Both NO and PGE2 are potent vasodilators. Therefore, during the first 2 h post-PGF2α treatment, relaxation of vascular smooth muscle may be crucial for the transient increase in luteal blood supply and increase in vascular permeability, to be able to facilitate the infiltration of immune cells into luteal tissue, which are required for the occurrence of structural luteolysis. Because a transitory increase in the concentration of NO metabolites in the OV plasma preceded the rises in the systemic circulation by about 15 to 30 min, it appears that an ovary bearing a CL responds to PGF2α injection within a shorter period of time compared with other organs. Moreover, the levels of NO metabolite in the peripheral blood reached their peak concentrations later than those in OV blood, and this supports the idea that the CL produces a considerable amount of NO in response to PGF2α and that increased NO is responsible for the acute increase in luteal blood flow observed in cattle. However, the rise in NO levels was not limited simply to the ovarian circulation.
PGF2α released from the uterus and/or exogenous PGF2α treatment increases ET-1 and ANG-2 mRNA expression and secretion from the endothelial cells of microcapillary vessels surrounding the CL [18, 35] . The actions of vasoconstriction substances, such as PGF2α, ET-1 and ANG-2, or an acute change in blood flow can rapidly lead to a shear-stress reaction, resulting in a compensatory NO release and relaxation of the blood vessels [36] [37] [38] . The results of the present study indicate a close temporal relationship between the transient increase in pO2 and NO in OV blood. Because treatment of bovine aortic endothelial cells with H2O2 induces increases in Each value indicated as the area under the curve (relative units, means ± SEM). The area under the curve was measured using data from the last 12 h of the experimental period, after injection of saline solution or PGF2α. a-b Different letters within a column indicate significant differences (P<0.05) between the control and PGF2α-treated groups. eNOS mRNA and functional protein expression of NOS in a timeand dose-dependent manner [39] , it seems that O2 is directly involved in the regulation of NO production.
In conclusion, the present study demonstrated that an exogenous injection of a luteolytic dose of PGF2α increased the circulating concentrations of NO and pO2. The high basal pO2 level of the OV and acute increases in pO2 and NO after PGF2α injection in the ovarian circulation suggest that oxygen and nitric oxide are involved in the early events of CL regression, including inhibition of P4 secretion and output, in cattle. Each value indicated as the area under the curve (relative units, means ± SEM). The area under the curve was measured using data from the last 12 h of the experimental period after injection of saline solution or PGF2α. a-b Different letters within a column indicate significant differences (P<0.05) between the control and PGF2α-treated groups.
